Introduction
Spinal infections are increasing in incidence, accounting for 2-7% of all musculoskeletal infections [1] . Standard radiographs are neither sensitive nor specific for the diagnosis of the relatively common condition [2] . Bone scanning is sensitive but is not specific [2] . Radiolabeled white blood cell (WBC) scintigraphy is accurate and specific, and the method of choice for diagnosing and localizing acute skeletal infections [3] . However, radiolabeled WBC scanning using either 111 In-oxine or 99m
Tc-HMPAO was shown to be neither sensitive nor specific for vertebral osteomyelitis [4] [5] [6] . This low sensitivity was due to different patterns of uptake -normal, low, or high -in cases of proven vertebral osteomyelitis, as demonstrated in several studies [7, 8] . Normal, low, and high uptake of 111 In-oxine-labeled WBC ( 111 In-WBC) was reported in patients by Palestro et al. [7] , who studied 71 patients with suspected vertebral osteomyelitis and found that 111 In-WBC scintigraphy showed normal uptake in 2, increased in 11, and decreased in 15 cases with proven osteomyelitis [7] . Increased uptake was associated with a high specificity of 98%, but low sensitivity (39%). The photopenic pattern was neither sensitive (54%) nor specific (52%) for osteomyelitis. Whalen et al. [8] reported a sensitivity of 17%, a specificity of 100%, and an accuracy of 31% for 111 In-WBC imaging. The authors found photon-deficient areas at the sites of proven osteomyelitis in 15 of 18 patients, and they were included in the false-negative scans. Using Tc-HMPAO-labeled WBC, Ruther et al. [9] reported 5 cases of proven vertebral osteomyelitis that were all missed. Hovi et al. [10] also reported 3 cases of histologically proven infection detected by magnetic resonance imaging but none by 99m Tc-HMPAO-labeled WBC studies.
Because the diagnosis of vertebral osteomyelitis is often delayed, most infections become chronic in nature, which could in part explain the low sensitivity of 111 In-WBC in their diagnosis, as in decreased (photopenic) areas on 111 In-WBC imaging of proven vertebral osteomyelitis. An alternative probable explanation could be the very high pressure in the disk with infection, and hence the granulocytes could not migrate to the focal area during the available time for imaging [11] . Fernandez-Ulloa et al. [12] previously reported 5 cases of vertebral osteomyelitis secondary to gram-negative organisms ( Pseudomonas aeruginosa and Klebsiella pneumoniae ); 4 showed areas of decreased uptake (photon deficient) on 111 In-WBC scans, suggesting that these organisms could have prevented adequate accumulation of labeled cells at the site of infection.
Hence, the objective of this study was to investigate whether gram-positive or gram-negative bacterial infection causes the uptake of 111 In-WBC at the site of osteomyelitis in the vertebrae or thigh bone.
Materials and Methods

Small Animals
Fifty adult male New Zealand white rabbits weighing approximately 3.5 kg divided into 2 groups of 25 each were used in this study. Staphylococcus aureus (group 1) (gram-positive bacteria) was injected into 25 rabbits and Escherichia coli (group 2) (gramnegative bacteria) to the remaining 25 to induce infection in the lumbar vertebrae or left thigh bone. Sixteen successfully infected and surviving rabbits from each group were used for the rest of the study. Each group included 8 rabbits with vertebral infection and 8 with femur infection. Experiments were performed in accordance with guidelines approved by the Institutional Animal Care and Use Committee of Kuwait University. Osteomyelitis induction via a spine implant infection model was performed, as previously described by Poelstra et al. [13] . Briefly, the marginal veins in rabbit ears were connected to butterfly needles. The rabbits were anesthetized with sodium pentobarbital (40 mg/kg, i.v.). The implantation sites (the lumbar vertebrae or left thigh bone) were inoculated with 103 colony forming units of methicillin-resistant S. aureus suspension in group 1 (gram-positive) and E. coli suspension in group 2 (gram-negative). After 7 days, implant-centered infection was established in all animals. Hardtissue histopathology was performed in 2 isolated infected vertebrae from each rabbit. Since increased pressure within the vertebra was suggested as a reason for finding a cold pattern on the labeled WBC scan in proven osteomyelitis, femur infection was induced for comparison as control to assess this theory as opposed to a microbiological characteristic of the causative organisms.
Radionuclide Imaging
The 32 successfully infected rabbits were used for the rest of the study for imaging. The remaining 18 rabbits were not included in the study due to unsuccessful induction of infection, death, or other technical difficulties. Radionuclide images were obtained for the 2 groups of rabbits 8 days after induction of infection. Each rabbit was intravenously injected with 11.1 MBq (300 μCi) of 111 In-WBC. After 24 h, the rabbits were anesthetized and positioned posteriorly. Static images were acquired using gamma camera equipped with a medium-energy and high-resolution collimator interfaced with a dedicated computer over the area of infection on a matrix of 256 × 256. The same imaging protocol was repeated at 14, 22, and 30 days after injection for each rabbit.
Histopathological Procedure
Two infected vertebrae from each rabbit were isolated and stored in formalin. Decalcification of the bone tissues was done using a decalcification solution. Samples of infected foci in the left femur were also obtained. The samples were dehydrated and then embedded in wax. Using a microtome, 5-μm sections were cut and mounted on slides. The slides were stained with Gram stain and examined using light microscopy.
Results
Osteomyelitis Induction
Histopathological studies confirmed the induction of infection in each rabbit used in the 111 In-WBC imaging. Active infection in the foci of the infected thigh bones was also histologically confirmed in the rabbits used for imaging.
Radionuclide Imaging
Based on the obtained static images, of the 8 grampositive-infected rabbits, moderate or high 111 In-WBC accumulation was observed in 7 (87.5%) lumbar vertebrae ( Fig. 1 ) . In addition, of the 8 gram-positive-infected rabbits in the left thigh bone, 7 (87.5%) showed accumulation in the infected site ( Fig. 2 ) . In contrast, in the gramnegative-infected group, 1 (12.5%) of the 8 infected rabbits in the vertebrae had little accumulation of 111 In-WBC, as shown in Figure 3 , while the rest had no or decreased accumulation ( Fig. 4 ) at the site of the infected vertebrae. Of the 8 gram-negative-infected rabbits in the In-WBC at the site of proven infection ( Fig. 5 ), whereas 2 rabbits had accumulation of 111 In-WBC (25%) -one with high accumulation ( Fig. 6 ) and the other with low accumulation ( Fig. 7 ).
Discussion
The current study showed that the majority of infections caused by gram-negative organisms were negative, while the majority of gram-positive infections were positive on 111 In-WBC-labeled scintigraphic images. The nonaccumulation of 111 In-WBC at the site of infection due to gram-negative organisms confirmed previous findings [4] [5] [6] , in which proven cases of vertebral osteo- In-WBC at the site of infection (arrow). 419 myelitis did not show radionuclide accumulation at the site of infection but rather a cold pattern (nonaccumulation). Additionally, cold patterns have also been reported in cases with proven vertebral osteomyelitis using antigranulocyte antibodies [12] [13] [14] [15] [16] . The suggested explanation was a compartmental effect due to increased pressure in the infected vertebrae in addition to previous antibiotic therapy and occlusion of microcirculation leading to necrosis [16] . In this study, because the patterns of accumulation or nonaccumulation of 111 In-WBC in femur infection were similar to those of the vertebrae, it could indicate that the compartment theory with high pressure was not responsible for the cold pattern on the scans in gram-negative infections but rather due to the bacteriological characteristics of the causative organisms.
In 5 cases with proven osteomyelitis, we previously reported a cold pattern in 4, while the fifth was positive; the 4 cold cases were due to gram-negative organisms, while the positive case was due to gram-positive organisms [12] . An explanation of the nonaccumulation at infection sites caused by gram-negative organisms in this report could be secondary to the secretion of antichemotactic factors by some causative organisms such as E. coli , which prevented adequate accumulation of labeled cells at the site of infection.
The positive finding in the cases with gram-negative vertebral and femur infections could probably be due to the degree of severity of infection and, consequently, the amount of antichemotactic factors secreted by the organisms. Thus, if the infection was not severe, the amount of antichemotactic chemicals was not enough to prevent adequate accumulation of labeled WBC to show on the scan.
The negative finding of 1 case with gram-positive organisms could again be due to milder infections without adequate accumulation of the labeled WBC. This negative finding in proven osteomyelitis secondary to gram-negative organisms has been reported in human studies [4] [5] [6] .
Although osteomyelitis is usually caused by gram-positive organisms, the most common being S. aureus , gramnegative organisms such as P. aeruginosa and K. pneumonia have been shown to be the causative organisms in osteomyelitis, particularly in intravenous drug abusers, vertebral osteomyelitis, and hospital-acquired infection [17, 18] . E. coli is also a cause of vertebral osteomyelitis following urological surgery. The gram-negative organisms are known to secrete antichemotactic factors contrary to gram-positive organisms [19] [20] [21] .
The results of this study indicate that the reason for negative findings was due to the gram-negative causative organisms which are known to secrete antichemotactic factors, preventing adequate accumulation of leukocytes at the site of infection and thus negating visualization on scans.
Conclusion
In the majority of the gram-positive-infected vertebrae in rabbits there was increased 111 In-WBC accumulation. However, in most of the gram-negative-infected vertebrae no 111 In-WBC accumulation was seen. The results provide support for our hypothesis -to explain for the first time the theory behind finding normal and particularly photon-deficient areas at the sites of vertebral infections on WBC scans.
